Background & Objectives: Neonatal neurobehavioral performance measures, such as the NICU Network 37 Neurobehavioral Scale (NNNS), have been developed to assess the neurobehavioral characteristics of 38 infants and provide insights into future developmental trajectories. The identification of molecular 39 biomarkers of very early life neurobehavioral experiences could lead to better predictions of the long-term 40 developmental outcomes of high-risk infants including preterm infants. To this end, we aimed to examine 41 whether variability in DNA methylation (DNAm) or epigenetic age from surrogate tissues are associated 42 with NNNS profiles in a cohort of infants born less than 30 weeks postmenstrual age (PMA).
INTRODUCTION
sex, recruitment site, and cellular heterogeneity. The epigenome-wide association study was performed 181 with robust linear regressions for each CpG site that passed QC, regressing methylation beta-values on the 182 NNNS profiles, while adjusting for sex, PMA, and proportions of epithelial cells and fibroblasts. QQ-plots 183 and Manhattan plots were produced using the qqman package. To account for multiple testing, we 184 implemented a false discovery rate (FDR) and considered those associations that were within a 10% FDR 185 to be statistically significant. We report all results from models that yielded suggestive associations (p-186 value < 0.0001) in the supplemental materials.
187
To gain insights into the biological functions of the NNNS-associated CpG sites, we performed 188 over-representation analyses with ConsensuPathDB (CPDB) (40, 41) . We utilized CPDB to examine our 189 gene lists for enrichment with neighborhood-based entity sets (NESTs) with a radius of one, pathway-based 190 gene sets from KEGG, Biocarta, and Reactome with minimum overlap with our gene-set of 2, and gene-191 ontology (G0) terms. Over-representation results within a 10% FDR were determined to be statistically 192 significant. For over-representation analyses, we utilized a gene-list containing the genes annotated to the 193 top 250 CpG sites from the EWAS that were associated with the atypical NNNS profile. We also aimed to 194 examine whether our NNNS-associated CpGs were within genes that have been linked with phenotypes 195 related to neurodevelopment or neurodegeneration. Thus, we annotated the top 250 CpGs with traits that
Study Population and NNNS Profile Results

201
We identified six distinct NNNS profiles representing groups of infants with similar 202 neurobehavioral responses (Table 1) . Two of these profiles stood out as particularly distinctive (Figure 1 ).
203
Infants in Profile 1 had the most optimal performance with the best attention and regulations scores, an 204 average requirement for handling, typical motor movement and few signs of stress. Infants in Profile 6 205 showed atypical performance with poor attention, a substantial requirement for handling, poor regulation, 206 exceptionally high arousal and excitability, hypertonia, poor quality of movement and substantial signs of 207 stress. Thus, Profile 1 represents an optimal profile characterized by generally positive neurobehavioral 208 responses, while Profile 6 represents a infants with atypical neurobehavioral responses. These findings are 209 similar to profiles observed previously by others (21) and in our own research (26). To limit the number of 210 tests being performed, the current study focused on the optimal (Profile 1) and atypical (Profile 6) profiles, 211 while using the combination of Profiles 2-5 as the referent category in downstream analyses. Average PMA 212 at birth, PMA at buccal cell collection, and maternal age did not substantially differ between the different 213 NNNS profile groupings (Table 2) . On the other hand, we did find that a larger proportion of infants with 214 atypical profiles had caregivers with lower socioeconomic status (SES) (16.7%) and lower educational 215 attainment (22.2%), compared to those in the optimal group (4.8% and 6.5% respectively). We also 216 observed substantial differences in NNNS profile assignment by recruitment site, and thus recruitment site 217 was controlled for in all downstream analyses.
218
Epigenetic Age and Age Acceleration Associations with NNNS Profiles
219
Epigenetic age negatively correlated with gestational age at birth (R 2 = 0.06, p-value < 0.0001), but 220 positively correlated with age since birth (R 2 = 0.15, p-value < 0.0001) and PMA (R 2 = 0.14, p-value < 221 0.0001) (Supplemental Figure 1 ). We examined differences in epigenetic age and age acceleration that 222 associated with the optimal (n=62) and atypical (n=36) NNNS profiles, by comparing them to the rest of epigenetic age (β1 = -0.022, p-value = 0.84) when compared to the rest of the NOVI infants ( Figure 2A) 226 age acceleration did not significantly differ when comparing the optimal or atypical profiles to the rest of 227 the NOVI infants, though we did observe a step-wise pattern in which the atypical profile had the lowest 228 estimated age acceleration (β1 = -0.121, p-value = 0.22) and the optimal profile had the greatest estimated 229 age acceleration (β1 = 0.082, p-value = 0.36) ( Figure 2B ). These models were adjusted for sex, recruitment 230 site, postmenstrual age, and estimated proportions of epithelial cells and fibroblast cells.
231
Epigenome-Wide Association Study of NNNS Profiles
232
We then performed an EWAS of these two NNNS profiles to examine whether underlying patterns 233 of epigenetic regulation measured in buccal cells differed among infants within the NNNS profiles. We 234 report all results for the EWAS of the optimal and atypical NNNS profiles that yielded associations with p-235 values < 0.0001 in the Supplemental Materials (Supplemental Table 1 & Supplemental Table 2 ). We 236 identified 30 CpGs that were differentially methylated (at a 10% FDR) with either of the NNNS profile 237 groupings (Table 3) . However, only one of these CpGs associated with the optimal NNNS profile, 238 cg03046148, at which optimal NNNS infants tended to have higher DNAm levels (β1 = 0.0145, p-value = 239 1.43E-07). On the other hand, we identified 29 epigenetic loci that associated with the atypical NNNS 240 profile after FDR-adjustment, which were located throughout the genome (Figure 2 ). The most statistically 241 significant relationship was observed at cg23172057 (β1 = 0.0299, p-value = 5.43E-08) which is within the 242 body of the coagulation factor X (F10) gene. The magnitudes of effect among the FDR-significant hits 243 tended to be small, with differential methylation ranging between 0.42% to 6.53% lower and between 244 0.31% to 10.61% higher methylation among the atypical NNNS group. The CpGs with the largest 245 magnitudes of association among the FDR-significant hits were observed at cg14792155 (β1 = 0.1061, p-246 value = 4.04E-06) which is within the body of the phospholipase A2 group IVE (PLA2G4E) gene and at with maternal education. These additional adjustments for SES did not alter the observed associations 251 between DNAm and atypical NNNS profiles (Supplemental Figure 2) . implications for neurodevelopment and neurodegenerative disorders (56). In human observational studies, 327 placental CpGs within PLA2G4E have been observed to be differentially methylated in association with 328 extremely preterm births (57) and genetic variants within the PLA2G4E gene have been implicated as a 329 potential risk factor for neurodevelopmental problems such as panic disorder (58) 
335
Though many of the genes annotated to the FDR-significant CpGs were not included in the 336 neuronal-associated GO-terms or pathways, some of these genes have also been implicated in 337 neurodevelopmental or neurodegenerative disorders. The CpG site that yielded the largest statistically of published genome-wide association studies (GWAS Catalog). Nucleic Acids Research.
77.
Rzhepetskyy 645 the x-axis includes the optimal profile (Profile 6), the atypical profile (Profile 1), as well as other NOVI 646 infants (Profiles 2-5), while the y-axis represents the residuals of epigenetic age and age acceleration after 647 adjusting for sex, recruitment site, and cell-mixture. 648 649 650 651 
